Intrauterine growth restriction (IUGR) is a recognized risk factor for neurologic deficits later in life. Abnormal fetal blood flow in the presence of fetal growth retardation helps to distinguish true fetal growth impairment from small but normally grown infants. The present study aimed to investigate the influence of IUGR with abnormal fetal blood flow on retinal optic nerve morphology at 18 y of age. A prospective study was performed in 19 subjects with IUGR [abnormal fetal aortic blood flow velocity; median birth weight deviation of Ϫ31% (Ϫ22 to Ϫ42%; median (range)] and in 23 subjects with a normal birth weight for gestational age [normal fetal aortic blood flow velocity; median birth weight deviation of Ϫ2% (Ϫ10 to 22%)]. All subjects were previously examined concerning minor neurologic dysfunction (MND) at 7 y of age. The ocular fundus was examined by ophthalmoscopy, and the optic nerve morphology was evaluated by digital image analysis. Decrease in neuroretinal rim area at 18 y of age was associated with increasing negative birth weight deviation (r ϭ 0.71, p Ͻ 0.0001). The subjects with severe MND at 7 y had a reduced neuroretinal rim area [median (range), 1 Intrauterine growth restriction (IUGR), resulting in birth weight that is small for gestational age (SGA), is a recognized risk factor for neurologic deficits later in life (1, 2) . The most frequent cause of IUGR is impaired placental function with increased resistance to flow, reflected in abnormal Doppler velocimetry of the umbilical and fetal circulation. The blood flow velocity changes are consistent with experimental findings of redistribution of blood flow in IUGR as well as in fetal hypoxia (3, 4) . We previously showed that abnormal fetal blood flow in fetuses with IUGR is associated with minor neurologic dysfunction and impaired intellectual function at 7 y of age (5, 6) . The underlying mechanisms whereby IUGR with abnormal fetal blood flow leads to neurologic impairment are largely unknown. Changes in brain structure have been noted in infants who are born SGA, showing reductions in whole brain weight, cerebellar weight, and hemispheric volume (7) (8) (9) . Experimental studies on IUGR induced by a reduction of placental blood flow have shown a reduced number of neurons in the hippocampus and cerebellum and signs of decreased myelination (10, 11) . We have tested the hypothesis that IUGR, characterized as SGA fetus with abnormal aortic blood flow velocity wave form, is associated with abnormal neural morphology by analyzing retinal optic nerve morphology in young adults who were serially examined during fetal life with ultrasonic measurements of growth and blood flow velocity.
METHODS
The subjects were part of two cohorts examined prospectively during fetal life over a 3-y period, 1982-1985, at the Department of Obstetrics and Gynecology in Malmö and again at 7 y of age with a neurodevelopmental evaluation (5, 12, 13) . All subjects were examined serially with ultrasound biometry and Doppler velocimetry with measurements of fetal growth and aortic blood flow velocity during the last trimester of pregnancy. The blood flow velocity wave form of the fetal aorta was transformed into a semiquantitative variable, blood flow class (BFC), according to the degree of reduction of the diastolic component of the wave form. Fetal aortic BFC was defined according to the result of the last measurement performed before delivery. Results from fetal blood flow velocity measurements were not clinically available, i.e. they did not influence the timing of delivery and clinical management. At 7 y of age, an age-specific and standardized neurologic examination according to Touwen (14) was performed focusing on minor neurologic dysfunction (MND), in which results were classified as normal, MND-1 (one to two deviant neurologic susbsystems) or MND-2 (more than two deviant neurologic subsystems) as described in detail previously (5) .
For the present study, a total of 42 subjects were examined at a median age of 18.2 y [17-19 y; median (range)]. Nineteen of the subjects-9 men and 10 women-had a suspected fetal growth restriction at 32 weeks' gestational age according to estimated fetal weight by ultrasound and were SGA at birth with a median deviation of weight at birth of Ϫ31 % (Ϫ42 to Ϫ22%) from the gestational age-related mean, at a median gestational age of 38.7 completed wk (35-41 wk). Nine subjects had BFC III (absence of positive flow throughout the major part of diastole and/or reverse flow in diastole), and 10 subjects had BFC II (nondetectable end-diastolic velocity). At 7 y of age, four of these subjects had a normal neurologic examination, nine had MND-1, and six had MND-2. The remaining 23 subjects-13 women and 10 men-had a normal estimated fetal weight, normal aortic BFC, and a weight at birth appropriate for gestational age [AGA; median weight deviation Ϫ2% (Ϫ10 to 22%)] at a median gestational age of 39.7 completed wk (36 -42 wk). At 7 y of age, 17 of these subjects had a normal neurologic examination, 4 had MND-1, and 1 had MND-2.
Subjects were examined at the Department of Ophthalmology, Malmö University Hospital, with ocular fundus photography and investigation of visual acuity. The photographs were analyzed quantitatively, using digital image analysis (15) . The optic disc area was measured by marking the outlines with a cursor. The inner border surrounding the nerve tissue defined the optic disc; care was taken not to include the white peripapillary scleral ring. The cup was defined by contour, and its definition was facilitated by the course of the vessels and its pallor. The neuroretinal rim area was obtained by subtraction of the cup area from the disc area (Fig. 1) . The mean of the measurements from the two eyes in one subject represented the value of each ocular fundus variable. Ocular fundus photography and digital image analysis were performed by two different examiners [digital image analysis was performed by a person who was blinded to the identity of the subjects (A.H.)]. The study was approved by the Committee for Research Ethics at Lund University, and informed consent was obtained from each subject.
Statistical methods. Intergroup differences were analyzed with the Mann-Whitney U test. Correlation between continuous variables was determined using linear regression analysis. Adjustment for the effect of multiple variables was performed using multiple regression analysis. A p Ͻ 0.05 was considered significant.
RESULTS
Age, weight, height, and head circumference at follow-up in the SGA and appropriate for gestational age groups, respectively, are given in Table 1 . The relationship between neuroretinal rim area and birth weight deviation is shown in Figure  2 and illustrated in Figure 3 . Within the entire group (n ϭ 42), a decrease in birth weight deviation was associated with a decrease in neuroretinal rim area (r ϭ 0.71, p ϭ 0.0001). Neither age at examination nor gender was associated with neuroretinal rim area. Neuroretinal rim area remained significantly associated with birth weight deviation when adjusted for gestational age at birth using multiple regression analysis (r ϭ 0.71, p ϭ 0.0001). The relationship between fetal aortic BFC and neuroretinal rim area is shown in Figure 4 
DISCUSSION
Our findings indicate that SGA birth weight as a result of IUGR is followed by a reduced axonal area in the optic nerve at young adult age. Degree of deviation in weight at birth and extent of fetal blood flow velocity abnormality both were associated with an increased reduction of the axonal area of the optic nerve. We could also show that subjects with previously detected severe minor neurologic dysfunction at 7 y of age all had a significantly reduced axonal area.
The present study was performed at an age when continued growth of the optic nerve is unlikely as histologic and clinical studies have shown that there is no measurable growth of the optic nerve after 3 y of age (15, 16) . The observed reduction in axonal area in subjects with IUGR may reflect either reduced axonal growth with a reduction of axonal volume or a decrease in the number of axons, i.e., in the number of neurons. Experimentally growth restricted fetal guinea pigs had signs of delayed myelination with a reduced density of myelinated axons in the optic nerve when examined shortly before term (17) . In addition, these changes were accompanied by a reduced width of cellular layers in the retina and an unaffected number of neurons in the ganglion cell layer (higher density but reduced retinal area), suggesting a reduction in the growth of the neuropile. It cannot be excluded that the reduced axonal area of the optic nerve, found in the present study, is a result of an overall reduced growth of the retinal neuropile. There was 141 no measurable functional deficit regarding visual acuity; data on visual field perception will be studied further. Several lines of evidence suggest that myelination may be altered in subjects with IUGR. Growth-retarded fetal sheep had a disproportionate reduction in myelin of axons in the optic nerve, whereas the trochlear nerve was not similarly affected, suggesting alteration in oligodendrocyte activity in fetal growth restriction (18) . Studies on visual evoked potential latencies in infants born SGA have shown conflicting results, reporting both prolonged and shorter latencies, suggesting alterations in myelination but in opposite directions (19, 20) . Studies using magnetic resonance imaging have shown signs of decreased or highly variable myelination in infants with IUGR (21, 22) .
It is unclear whether the observed reduction in axonal area is restricted to the optic nerve tract or represents a more global affection of neuronal growth within the brain. The strong association between MND detected at 7 y of age and reduced axonal area suggests that other regions of the CNS might be affected. The subjects with severe MND had among other deviations consistent abnormalities in test items that measure coordination and balance, suggestive of changes in the cerebellum or basal ganglia (5) . Experimental studies on induced fetal growth restriction during late pregnancy in guinea pigs and fetal sheep have shown a reduction in volume of cerebellar layers and in the number of Purkinje neurons in the cerebellum (10, 23) . Neuroradiologic studies on humans after IUGR with volumetric quantification of the cerebellar region have to our knowledge not yet been performed.
Several mechanisms may be considered as causes for the observed reduction in axonal area of the optic nerve. The abnormal aortic fetal blood flow velocity wave form has in several experimental and clinical studies been shown to be associated with fetal hypoxia in terms of fetal distress (24 -26) . A reduction in mean fetal aortic velocity has been correlated with hypoxia in the IUGR fetus, blood gas values being obtained by cordocentesis (27) . Fetal hypoxemia in the subjects of the present study thus might have affected neuronal growth or development during a vulnerable period, resulting in reduced axonal area.
Fetal malnutrition during IUGR may be an important factor in disturbing cellular growth and differentiation in the CNS. Undernutrition in rodents during early life results in reduced brain weight, reduced total cell number, and reduced myelination (28) . Trophic factors such as IGF-I are essential for cellular growth and differentiation as well as for tissue repair after a damaging insult. Undernutrition in humans and in experimental animals decreases IGF-I expression in many tissues and in the circulation (29, 30) . Circulatory levels of IGF-I have been shown to be decreased in SGA fetuses and in fetuses with abnormal blood flow velocity (31, 32) .
Abnormal fetal blood flow velocity in IUGR, which was present in the subjects with low birth weight for gestational age in the present study, is a proof of placental cause of IUGR with resulting fetal hypoxemia and altered nutrition. A reduction in oxygen delivery to the brain and nutritional deprivation during fetal life are possible mechanisms for our finding of reduced axonal area in the optic nerve at young adult age. 
